Abstract
I. INTRODUCTION

FIG. 2. (Color Online)
A level scheme relating the mass energies of α + α + n, 8 Be + n, and 9 Be. Thresholds for three-body and two-body breakup of 9 Be are shown to occur at incident γ-ray energies E γ of 1573 keV and 1665 keV, respectively. The latter is also the neutron separation energy S n for 9 Be. Energies shown for 9 Be excited states are from the present work. In the rate calculation (described in Sect. IV), E is the center-of-mass energy of the two α-particles. The parameter E ′ is the energy of the 8 Be nucleus and the neutron with respect to E. In this scheme, formation of 9 Be at E = E ′ = 0 is very unlikely, but not prohibited because the ground state of 8 Be has finite width. the neutron detector. The heavy water target was bombarded under the same experimental 100 conditions as the 9 Be target, allowing for normalization of the 9 Be (γ, n) 8 Be measurements
101
to the well-known 2 H (γ, n) 1 H cross section [29] and for calibration of the neutron detector 102 efficiency. The graphite target was used to determine beam-induced backgrounds in the 103 neutron detector.
104
To increase the efficiency of data collection, targets were remotely rotated into the beam 105 using a four-position Geneva mechanism, which also assured reproducible alignment of the (Color Online) Effective neutron detector efficiency versus photon energy for 9 Be (γ, n) 8 Be with error bars representing the 4.6% systematic uncertainty. Above E γ = 2431 keV, average neutron energy, and thus detection efficiency, was determined using the experimental I O ratio. The (red) curve is modeled using Eq. 1 with the branching ratios listed in Table II . Discrepancies in the 3 to 4 MeV range are not well understood, but do not affect the present calculation for the astrophysical α (αn, γ) 9 Be reaction rate discussed in Sect. IV.
B. Detector calibration
116
Absolute measurements of the number of photons on target and the number of emitted 117 neutrons from the reaction were needed to determine the total cross section of 9 Be (γ, n) 8 Be.
118
Thus, it was essential to determine the absolute energy-dependent detection efficiencies of 119 the neutron detector and the large NaI(Tl) detector. The active neutron detection elements 120 were 18 tubular proportional counters, each containing 3 He at 6.1 × 10 5 Pa. The tubes,
121
embedded in a cylindrical polyethylene body that served as a neutron moderator, were 122 arranged in concentric inner (I) and outer (O) rings of nine equally spaced detectors each.
123
The energy-dependent efficiency of the neutron counter was determined in an extensive 124 study [27] . The ratio of counts in the inner and outer rings (I O ratio) provided a coarse 125 estimate of the average neutron energy.
126
The total efficiency of the large NaI(Tl) detector was found to be nearly constant (98.3 ± 127 1.7%) over the experimental energy range using the Monte-Carlo codes geant4 and mcnpx.
128
The results were consistent with data obtained using the 19 experimental energy range, the effective efficiency of the neutron detector for photoneutrons 134 from 9 Be, eff (E γ ), varied and is shown in Fig. 4 . As can be seen in Fig. 2 , the average 135 energy for neutrons which decay to the ground state of 8 Be is E γ −S n , and for these neutrons 136 the detection efficiency n may be described using a sixth-order polynomial in E n . Above
137
E γ = 2431 keV, multiple decay channels exist and the average neutron energy is no longer
138
proportional to the photon energy. Instead, it becomes nonlinear and strongly dependent 139 on the photon energy, which causes eff to deviate from the polynomial that describes n . To 140 account for this, the effective efficiency was described using
where for level j, σ j is the contribution from state j to the total cross section σ tot , and β j is a 142 branching ratio for state j to the ground state of 8 Be. This form assumes that a newly opened 143 neutron branch will decay with a small neutron energy δE n . The detection efficiency for the 144 fraction of the total cross-section decaying to the ground state is described by the simple 145 polynomial n (E γ − S n ), while the efficiency of new branches is n (δE n ) ≈ max . This model 146 is compared in Fig. 4 to a point-by-point determination of the neutron detector efficiency 147 constructed using the I O ratio. 
156
Under the assumption of a monoenergetic beam, the cross section may be written as
where N n is the number of detected neutrons, N γ is the number of incident photons, N T A is 158 the effective number of target nuclei per unit area, and n is the neutron detector efficiency.
159
The quantity N T A was determined by comparing neutron yields from target-in and target-160 out runs. Thick targets required a photon energy-dependent correction of the form
where µ is a material specific attenuation coefficient and t is the thickness of the target.
162
This correction accounted for the reduction in the number of incident photons caused by 163 interactions within the target volume.
164
Total 9 Be (γ, n) 8 Be cross-section uncertainties for σ in Eq. 2 were found to be 3.2%
165
(statistical) and 4.6% (systematic). The largest contributions to the uncertainties came 
169
The second analytic approach treated the reality that the photon beam was not truly 
where f is an energy-dependent function describing the energy distribution of the pho-174 ton beam and σ t is a trial cross section.
175
To determine f , the detector response function was deconvolved from the HPGe spectrum 176 at each beam energy. The resulting spectra were then normalized such that
where N γ was determined using the NaI(Tl) detector. The trial cross section σ t was assumed yield over dE, the width of the bin. Thus, the calculated yield Y * was given by
where the width of the i th bin was ∼1.6 keV. In this way the yield-weighted effective energy,
185
E * γ was defined as,
The trial cross section was then iteratively adjusted (over ∼ 8 steps) until the global devia- 
with I the spin of the target nucleus and k 2 γ given by
The neutron partial width Γ n is generally written as [39]
where γ 2 is the reduced width and P is the penetration factor. The reduced width incor-
229
porates the unknown parts of the nuclear interior while P is completely determined by the 230 conditions outside the nucleus and may be written as
where R is the channel radius, k is the wave number, and is the neutron orbital angular 
with A t and A p the mass numbers of the target and projectile, respectively, and r 0 = 1.44 fm.
234
For neutrons, the Coulomb wave functions, F and G , are related to spherical Bessel (j )
235
and Neumann (n ) functions by F = (kr)j (kr) and G = (kr)n (kr). In the cases of
236
(γ, n) and (n, γ) reactions, the penetration factors can be written analytically, and for 0 ≤
237
≤ 3, P is [39]
In these expressions R is again the channel radius defined in Eq. 12; the neutron energy is 239 related to the photon energy by E n = E γ − S n ; and we define ξ ≡ 2µR 2 ̵ h −2 , where µ is the 240 reduced mass of 8 Be + n.
241
One must include P energy-dependence for the 1/2 + threshold resonance to obtain a 242 good fit to the 9 Be (γ, n) 8 Be cross-section data. However, previous works have not included 
and
where α is the fine structure constant. Note that the strength of a transition from the ground 260 state to an excited state (B↑) is related to the strength of transition from that excited state 261 to the ground state (B↓) by Transitions from the ground state of 9 Be, J 0 = 3 2 − , to an excited state, J x = 1 2, 3/2, or 263 5/2, yield ratios of 0.5, 1, and 1.5, respectively, in Eq. 16. Since B ↓ are the strengths of 264 transitions used in the calculation of the α (αn, γ) 9 Be rate, they will be used exclusively in 265 the following discussion. For each resonance, the reduced width γ 2 , the transition strength 266 B(E1)↓ or B(M1)↓, and the resonance energy E R are determined by fitting the data. In the case of narrow resonances, Γ γ may be deduced by integrating the cross section.
273
For this to be valid: (a) the resonance must be sufficiently isolated from other resonances,
274
(b) the neutron and γ-ray partial widths must be small enough to be considered energy- 
The value obtained from this analysis is shown in Table II .
279
C. The 1/2 + threshold resonance
280
As will be shown in Sect. IV, the 1/2 + threshold resonance is the largest contributor to 281 the α (αn, γ) 9 Be reaction rate. The 9 Be (γ, n) 8 Be cross section is transformed into the 8 Be (n, γ) 9 Be cross-section using 298 the reciprocity theorem. Defining σ 1 to be the cross section for 8 Be + n → 9 Be + γ, and σ 2 299 to be the cross section for 9 Be + γ → 8 Be + n, the reciprocity theorem gives
where k 2 n = 2µE n ̵ h −2 ; k 2 γ is defined in Eq. 9; and the ground state spins for 9 Be, 8 Be, and a 301 neutron are 3/2, 0, and 1/2, respectively.
302
For several years prior to 1999, the α (αn, γ) 9 Be rate used in reaction network codes was 303 adopted from Ref.
[43], which considered resonant-only decays of 9 Be+γ → 8 Be+n. In other 304 words, when considering the 8 Be + n → 9 Be + γ direction for the reaction, the width of the The derivation of astrophysical reaction rates has been described in detail in Ref.
[38].
310
The rate per particle pair ⟨σv⟩ is given by
where µ is the particle pair reduced mass, k is Boltzmann's constant, and T is the tem- of 12 C via the triple-α reaction, and was first modified in Ref.
[42] to calculate the rate of 318 formation of 9 Be for the NACRE compilation.
319
Two α-particles interact with center-of-mass (CM) energy E to form 8 Be. Subsequently, 320 the 8 Be nucleus interacts with a neutron with new CM energy E ′ relative to E (see Fig. 2 ).
321
The rate equation has the form
Equation 20 is evaluated numerically using the parameters from Table II parameters (see Table II ). At all temperatures, the α (αn, γ) 9 Be rate originates primarily 329 from the 1/2 + state in 9 Be (see Fig. 9 ). Thus, the rate uncertainty is dominated by the cross-330 section uncertainty for that state. Uncertainty in the rate increases at higher temperatures,
331
where higher states in 9 Be begin to contribute noticeably to the α (αn, γ) 9 Be reaction rate. 10, the present rate, when compared to the NACRE rate, is a factor of 3 lower at the lowest 345 calculated temperatures, while it is 20% to 40% larger at astrophysical temperatures of 346 interest for the r-process (1 GK < T < 5 GK). The present α (αn, γ) 9 Be rate for 1 GK ≤ T ≤ 5 GK is consistently 20% to 40% larger 361 than the rates of Refs. [40, 42] . Agreement with the NACRE rate marginally improves as 362 the temperature approaches 10 GK. Figure 9 shows that, for the present evaluation, the 363 1/2 + state is indeed the primary contributor to the rate at temperatures below 10 GK. Con-
332
364
tributions from other states start to become noticeable for T ≥ 5 GK. This implies that the 365 choice of branching ratios is not important for an accurate α (αn, γ) 9 Be rate determination.
366
V. CONCLUSIONS
367
The improved accuracy of the measurement of the 9 Be (γ, n) 8 Be reaction cross section measurements have been used to calculate the astrophysical α (αn, γ) 9 Be reaction rate.
376
Taking into account energy dependence of all neutron and γ-ray partial widths near 377 threshold gives rise to smaller rates than previously calculated for T ≤ 0.025 GK. For T ≥ 2
378
GK, contributions to the rate from higher-lying resonances become noticeable. Our cross 379 sections and the resulting astrophysical reaction rates in the temperature range 1 GK ≤ T ≤ 5
380
GK are 20% to 40% larger than previously reported. The present rate is computed using a 
